The validity of the various methods, which have been used to normalize the NRM in sediments to obtain the relative intensity change of the earth's magnetic field, was discussed on the basis of the present result.
Introduction
The remanences carried by deep sea sediments and lake deposits have been successfully used to observe the directional change of the earth's magnetic field in the past. One of the advantages of using these sediments lies in the fact that they record the continuous variation of the magnetic field. This advantage will be much enhanced if we can obtain information concerning intensity changes of the field. However, it is very difficult to obtain reliable paleointensity data from sediments because the magnetization processes in sediments are incompletely understood.
Many attempts have been made to estimate relative intensity changes using saturation magnetization, initial susceptibility, SIRM (saturation remanence), and ARM (anhysteretic remanence) as normalizing factors (JOHNSON et al., 1948; NAKAJIMA and KAWAI, 1973; HARRISON, 1966; OPDYKE et al., 1973; JOHNSON et al., 1975; LEVI and BANERJEE, 1976) . The main aim of these methods is to take account of the amount of the magnetic minerals in sediments. The methods are not, however, as reliable as the Thellier-Thellier paleo-intensity method for rocks carrying NRM of thermal origin, because many unknown factors, beside the amount of the magnetic minerals, may affect the intensity of the remanence. Sedimentation rate, magnetic and non-magnetic particle sizes in sediments, temperature, and water content are the variables which may be important, although 1968; AMERIGIAN, 1977; VEROSUB, 1977) .
In addition to these factors, the intensity of the remanences in sediments may not be proportional to the amount of magnetic minerals present or upon other magnetic parameters, if magnetic interactions between the magnetic particles are important. The effect of the magnetic interaction has been considered to be important for the acquisition of the remanences. But, since an exact solution to the many-body interaction problem is impossible, some empirical approaches such as the Preisach theory have been employed in order to explain the remanences of thermal origin (see for example, DUNLOP and WEST, 1969 ) . Because of the existence of adjustable parameters, the empirical theories can only check the consistency of the experimental data. For sediments and sedimentary rocks, the interaction effect has not generally been considered, probably because of the low concentration of the magnetic minerals in these rocks. However, the low concentration does not necessarily mean that the interaction effect can be neglected.
In the present study, the effect of the particle interaction on the intensity of remanence has been estimated by a simple pair model and tested with an experiment. Recent studies on the acquisition mechanism of the remanences in sediments have revealed the importance of the post-depositional process on though the relative importance of the process depends on the sediment properties (BLOW and HAMILTON, 1978; VEROSUB et al., 1979; BARTON and MCELHINNY, 1979) . The effect of the particle interaction is much more important in the postdepositional process than in the process while the particles are floating in water. Therefore, the present experiment and theory mainly concern the acquisition of the remanence after deposition.
Theory
We consider an assemblage of magnetic particles dispersed in non-magnetic matrix. The magnetic particles are assumed to be free to rotate at their position , but translation is prohibited. When an external field Hext is applied, magnetic energy of this system can be expressed as where the summations are all over the magnetic particles, m, and m; are the magnetic moment vector in the i-th and j-th grains, rij is the distance vector connecting the grains, and [mi, mj] expresses the dipole-dipole interaction between the particles.
Unfortunately, this many-body interacting system has not been solved exactly. However, this kind of system is very common in the theory of ferromagnetism, and many approximations have been devised. The most famous and the simplest approximation is the Weiss's molecular field theory, where the interaction term to where H is the effective field. In the case of the ferromagnetic theory the effective field is unknown and is calculated from the observed data such as the Curie temperature. The field is usually much greater than the external field. In the artificial sediments, the Lorentz field of the sample can be used for the effective field, but this field is comparable with the magnetization of the specimen, and is much smaller than the external field because of the low concentration of the magnetic minerals. This situation is true in most natural sediments, which is probably why the role of the particle interaction has been overlooked in sediments.
The molecular field theory has been successfully used to explain the phenomena in ferro-and fern-magnetic materials. However, the approximation becomes less satisfactory when the coordination number of the atoms decreases and, hence, the degree of the symmetry decreases (cf. OGUCHI, 1955) . When the distribution of the magnetic moments is random, the approximation may be seriously in error. Since NEEL (1947) , this kind of approximation has been used to estimate the coercivity in the interacting system, although WoHLFARTH (1955) has pointed out the same difficulty in applying the molecular field theory to this kind of problem.
Many improvements to molecular field theory have been tried in the theory of ferromagnetism (cf. SMART, 1966) . The next simplest approximation is the Oguchi method (OGUCHI, 1955) , which considers a pair of atoms with an effective field. In the present case, the approximation gives the following expression for the magnetic energy per pair:
where the interaction term [mi, mj] is given in Eq. (1). In Eq. (3) the effective field can be neglected, because it is much smaller than the external field. Then the magnetic energy consists of the pair interaction energy and the magnetostatic energy due to the external field.
For simplicity of the calculation, we do not take account of thermal energy. Then, the magnetization of the pair can be calculated to minimize the magnetic energy. Assuming the field direction is in z-direction and the magnetic moments are all in x-z plane, the magnetic energy for a pair can be expressed as: (4) where the first term is the probability that there is no other particle inside a sphere centered at one particle with a radius of r, and the second term is the probability of (11) is an approximation for the dilute dispersion. For higher concentrations, the probability that the second particle forms part of a pair should be considered. Now it is possible to calculate the total magnetization for the assemblage of the magnetic particles. We approximate the isotropic distribution of the particles as the one-third of the pairs are in the field direction and the other two-thirds are in the perpendicular direction to the field. When the particle density of the system is n per unit volume, (n/6) pairs are in the field direction and (2n/6) pairs are in the perpendicular direction. The contribution to the total magnetization due to the parallel pairs is given by where p=nv is the packing fraction of the magnetic particles, M=m/v is the intensity of the spontaneous magnetization in each particle, and v is the volume of the particle.
Experiment
In the present experiment the intensity of the remanence acquired during the consolidation process of the artificial sediments was investigated, as a function of the concentration of the magnetic particles. Fine-grain magnetite powder was used. Electron microscopy revealed that the magnetite grains are nearly equipowder and the talc powder were mixed with a weight ratio of 1:200 (0.5%). The mixture was ground by an automatic agate mortar for about six hours in ethylalcohol. After drying equal weights of the 1:200 mixture and the talc powder was mixed to make a 1:400 mixture. The other low concentration samples were obtained by repeating this process. Finally, four kinds of samples with mixing ratios (by weight) of 1:200, 1:400, 1:600, and 1:1200 were prepared. Because all the other samples were derived from the 1:200 mixture the effect of inhomogeneity of mixing is reduced by this method of preparation. The other advantage of this mixing process is to reduce the weighing error of the magnetite powder in preparing the low concentration samples.
bottom and was maintained while the sediments were consolidated to a fixed volume by applying the load on top of the sample. The apparatus and the experimental procedure have been described in detail elsewhere (HAMANO, 1980) . In each experimental run the remanence was measured at the same water content which can be calculated from the dry weight of the sediments and the volume at the final stage. Since the weight ratio between the magnetite and the talc powder and their densities are known, the volume fraction of the magnetite powder in the consolidated sample (packing fraction) can be estimated at this stage. The packing fraction is an important factor to the model calculation of the particle interaction.
The measurements of the remanence intensities were repeated four times for each mixture. Table 1 summarizes the results of the measurements together with the calculated packing fraction. The intensity of the remanence measured in the pure talc powder is also shown in the table. This measurement is especially important because, if the magnetization of the talc powder is not negligibly small, it causes a false concentration dependence. The measurement shown in Table 1 ensures the magnetic cleanness of the matrix talc powder for the present purpose.
Column four in Table 1 shows the intensity of the magnetization of each mixture and their standard deviations. The magnetization per unit volume of the magnetite powder for each mixture is shown in column five. If the particle interaction in these synthetic sediments is not important, these intensities should be the same. The systematic decrease of the intensity with the increase of the concentration suggests that the particle interaction between the magnetite grains may be affecting these intensities of remanences.
Comparison of the Theory and the Experiment
Relative intensity of the magnetization given in Eq. (16) varies with a nondimensional parameter x, which is a function of the external field strength H, the spontaneous magnetization of the particles M, and the packing fraction p. In Fig. 1 , the relative intensity changes are calculated as a function of the packing fraction for some values of the particle magnetization, in which H=0.36 oe was used to fit to the experimental data. As evident from the figure, the effect of the particle interaction is larger for the particle with the higher spontaneous magnetization. It is also worth noting that the interaction affects the intensity even if the mean magnetization of the sample is much smaller than the external field.
The intensity does not depend on the particle size explicitly in Eq. (16), but the size can affect the intensity through the change of the spontaneous magnetization. When the particles are in single domain size, they have large magnetizations and large interaction effects are expected. In case of the magnetite, the spontaneous magnetization for the single domain sized particles is about 485 emu/cc. Then the expected effect of the particle interaction is very large even if the concentration of the particles is as low as 0.05% in volume. As the particle size increases from the single domain size, the spontaneous magnetization decreases and the interaction effect becomes less important at the low concentration range.
In order to fit the experimental data to the present model, we have two parameters to adjust. One is the spontaneous magnetization of the particles and the other is the total magnetization of the sample when there is no interaction. The latter is unknown because the thermal effect, which affects the intensity of the magnetization in the fine grain magnetite, has not been considered in the derivation of Eq. (16). The fitting criterion was that the variance of the calculated total intensities gives the minimum value for the assumed value of the spontaneous magnetization. The result gives a spontaneous magnetization of 42 emu/cc in each The validity of the estimated spontaneous magnetization is not so clear at present. The origin of the spontaneous magnetization is probably CRM (chemical remanence) acquired during the preparation of the fine grain magnetites by precipitation. The intensity of the CRM for this size of the magnetite is not available. The intensity of TRM is about 10emu/cc/oe for this particle size of the magnetite (DUNLOP, 1973) . However, the intensity of the TRM may be also affected by the particle interaction and the thermal effect, and may not represent the spontaneous magnetization in each grain. The observed ratio of Jr/JS (=0.165) for value does not contradict these data. For further detailed discussion, many factors in the experiment and the theory should be considered. Gradual acquisition of the remanence during the consolidation process (HAMANO, 1980) and the thermal effect are important factors among them.
Discussion
The importance of the particle interaction in natural sediments depends on the sediment properties. If the magnetic carriers in sediments are small, as observed in New England verved clay (JOHNSON et al., 1948 ) , the large effect is expected when intensity of the magnetic particles is rather constant at the higher concentration. Therefore, the relative intensity change of the remanences reflects the intensity change of the ambient field when the concentration varies within the higher concentration range. As the grain size increases, the interaction effect becomes less important at the low concentration range. The effect might, however, be important at higher concentrations. It is to be noted that, even if the concentration stays constant, the decrease of the field intensity enhances the interaction effect. Thus the intensity change of the field is exaggerated in the NRM record of the sediments.
As was noted initially, many magnetic parameters have been used as normalizing factors to estimate relative intensity changes of the geomagnetic field. LEVI and BANERJEE (1976) have reviewed these attempts, in which saturation magnetization, initial susceptibility, saturation remanence, and ARM have all been used.
The saturation magnetization represents the amount of magnetic minerals in the sample, and the normalization by this parameter does not cancel the effect of the particle interaction. The same statement can be applied to the initial susceptibility, although the use of this parameter as a normalization factor is not appropriate because of the emphasis on the larger grains (JOHNSON et al., 1975) . The effects of the particle interactions in the saturation remanence and ARM are not fully understood. But these remanences are applied after the sediment acquired their NRM, and magnetic carriers in the sediments are considered to be fixed from bodily rotation. Thus, the coercivity of the magnetic grains acts an important role in the acquisition of the remanences. Therefore, comparison between the particle coercivity and the coercivity arising from particle interactions may give some insight as to the relative importance of the interaction.
The coercivity for the interacting pair can be estimated from the magnetic energy in Eq. (4). With the particles aligned along the field direction, Eq. (5) can be used. When a large magnetic field is applied to the pair, the magnetic moments become parallel to the field direction by the bodily rotation of the particles. Then, the field is decreased to zero and increased in the opposite direction. At a particular field strength the magnetic moments reverse their direction. This field can be defined as the coercivity due to the particle interaction. For the rotation of the particles, the fanning mode gives smaller energy barrier than the coherent rotation. In this case, when the particle alignment of the pair is not parallel to the magnetic field, the coercivity is smaller than that given in Eq. (19) .
For the present fine powder magnetite with a packing fraction of 0.1%, Eq. (19) gives a value of less than 5 oe of the coercivity. The value is much smaller than the observed particle coercivity (130 oe), although it is larger than the applied external field. In natural sediments Eq. (19) gives much smaller coercivity due to the interaction than the grain coercivity for reasonable value of the spontaneous magnetization (M) and the packing fraction (p). The small value of the coercivity of the interacting pairs suggests that the particle interaction in the saturation remanence and ARM is less important than in the NRM of sediments. Thus, the normalization by these magnetic properties does not cancel the interaction effect.
It is clear that the NRM intensities normalized by the above magnetic properties still suffer from the effect of particle interactions. The effect may be important when variation in the amount of the magnetic minerals is large along the sediment core, and when the expected field strength is small. Ambiguity of a factor of two to three is expected when the interaction effect is dominant. In order to estimate the importance of the particle interaction in sediments, we have to know the concentration of the magnetic carriers and their grain size, which is not always easily determined. A possibly useful method would be to carry out redeposition experiments and observe the intensity change upon addition of nonmagnetic material to sediments. Discussions with Dr. N. Sugiura were very helpful to develop the present theory. I am grateful to Prof. M. Fuller of Univ. of California, Santa Barbara, for his careful reading of the manuscript and valuable suggestions. This work was supported in part by NSF grant LB 811540.
